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ABSTRACT     
This study analyzes the aerosol dry deposition events in the Balearic Islands 
(northwestern Mediterranean) and their effects on marine phytoplankton. Trace metals 
concentrations (Al, Cr, Cu, Fe, Mn, Ni, Ti and Zn) of atmospheric dry depositions 
samples were measured to characterize their sources and the spatial and temporal 
variability of these events. Aerosol samples were collected at three stations in the 
Balearic Islands from July 2012 to January 2013. The results indicated that while Al, 
Cr, Fe, Mn and Ti have a natural origin (from African dust), Cu have a local 
anthropogenic origin. On the other hand, Zn and Ni present both a natural and local 
anthropogenic origin depending on the time. The response of coastal planktonic 
communities to the addition of natural and anthropogenic aerosols was analyzed 
through phytoplankton growth experiments conducted in May 2013 with surface 
nearshore water collected at Ses Salines Cape (South of Mallorca Island). The 
experiment demonstrates that Fe deposition events in the western Mediterranean Sea 
promote the growth of phytoplankton, whereas maximum and strong Cu deposition 
events seem to inhibit the phytoplankton growth. 
Key words: trace metals, aerosol, Balearic Islands, phytoplankton. 
 
 
 
 
 
 
 
 
 
 
3 
 
1. INTRODUCTION 
1.1. Definition and importance of aerosols 
Atmospheric aerosols are solid or liquid particles suspended in the air that vary in size, 
composition, and origin (Arden, 2000; Davidson et al., 2005). These particles are also 
called total suspended particles (TSPs) or particulate matter (PM), although technically, 
PM is the total mass of aerosols per unit of volume (IRGC, 2008). 
The study of aerosols is important because they have an impact on the climate system, 
human health and biochemical functioning of ecosystems. Their potential effects are 
related with their size and composition (Pey et al., 2010), which are variables in time 
and space (Davidson et al., 2005).  
In relation to the impact of aerosols on the climate system, aerosols alter the radiative 
balance (incoming minus outgoing energy) of the Earth-atmosphere system due to their 
capability to absorb and scatter (alter the direction of propagation) the solar and 
terrestrial radiation, and to change the optical properties of clouds (Charlson et al., 
1992; Twomey, 1980; Andreae & Ronsfeld, 2008). Furthermore, aerosols can impact on 
the flux of UV radiation, provide a surface for reactions in the atmosphere and affect the 
cycles of atmospheric species such as the nitrogen, sulfur and photochemical cycle 
(Dickerson et al., 1997; Dentener et al., 1996).  
Aerosols include coarse particles (aerodynamic diameter between 2.5 µm and 10 µm), 
fine particles or PM2.5 (aerodynamic diameter < 2.5 µm) and ultrafine particles or 
PM0.25 (with an aerodynamic diameter < 0.25 µm) (Arden, 2000; Davidson et al., 2005; 
Nicoll & Henein, 2012).  PM10 refers to particles with an aerodynamic diameter < 10 
µm (Davidson et al., 2005). Aerosols can remain in the atmosphere from a few minutes 
to a couple of weeks, depending on their size (Seinfeld & Pandis, 1997). Some 
examples of atmospheric aerosols are mineral dust, soot, organic molecules, sea salt 
crystals, spores, bacteria, and other microscopic particles (Luo et al., 2003). Their 
sources may be natural or anthropogenic, and it is possible that primary gaseous 
emissions can transform to secondary particles (Artiñano et al., 2003). Some natural 
aerosols are formed by the action of the wind on the Earth‟s surface, emitting sea salt, 
soil dust and vegetation debris into the atmosphere. Also they can be originated by 
eruptions and forest fires. Examples of anthropogenic sources of aerosols are transport, 
industry, forest and savannah burning, burning wood and coal for domestic heat and 
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cooking (IRGC, 2008). The source of coarse particles is usually the soil and other 
crustal materials, while fine particles usually derive from anthropogenic sources (Arden, 
2000).  
Research also shows that PM has adverse health effects, and it is estimated that it is the 
13
th
 leading cause of mortality (Nicoll & Henein, 2012). Its effect on human health is 
associated with particle size, composition, and concentration (Davidson et al., 2005). 
The most detrimental particles to human health are PM10 because they are inhalable 
(penetrate the thoracic airways) (Arden, 2000). Some diseases like atherosclerosis, 
coronary heart disease and myocardial infarction prevail with PM2.5 long-term 
exposition, and it also increases cardiovascular and respiratory hospitalizations (Nicoll 
& Henein, 2012). However, the effect on health of specific chemical species and trace 
metals in PM needs further investigation (Davidson et al., 2005). Ultrafine particles 
have been less studied, but they also are of considerable concern (Nicoll & Henein, 
2012).  
1.2. Aerosols effects on marine ecosystems 
Research has shown that aerosols impact on the biochemical functioning of ecosystems. 
Atmospheric aerosols are a source of nutrients and trace metals like nigrogen (N), 
phosphorus (P), iron (Fe), cobalt (Co), manganese (Mn) and nickel (Ni) among others, 
which can arrive to terrestrial and aquatic ecosystems through wet and dry deposition 
(Bytnerowicz et al., 2007; Prospero et al., 1996; Donaghay et al., 1991; Guerzoni et al., 
1999). Dry deposition consists of the diffusion and Brownian motion of particulate, 
sedimentation and impact of aerosol particles, whereas wet deposition consists in the 
particle entrainment by rainwater. About 30 to 95% of total aerosol removal is caused 
by wet deposition (Jickells et al., 2001; Hand et al., 2004).  
The importance of aerosols as a source of nutrients in the ecosystems depends on the 
large-scale variation in annual inputs, the magnitude of that input relative to other 
sources of nutrients and the short-term temporal and spatial variability in inputs 
(Donaghay et al., 1991). The sources of nutrients to the ocean surfaces are many and 
include rivers, hydrothermal inputs, ground-water (Jickells et al., 2005, Jordi et al., 
2012), regeneration by zooplankton and bacteria, vertical mixing and upwelling 
processes, atmospheric depositions (Donaghay et al., 1991), and perhaps, also volcanic, 
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anthropogenic and extraterrestrial sources, which need to be further studied (Jickells et 
al., 2005). 
Phytoplankton (autotrophic components of the plankton community) is the major 
primary producer of aquatic ecosystems (Sunda & Huntsman, 1998), and it is 
responsible for about half the primary production on Earth (Field et al., 1998). 
Phytoplankton affects the abundance and diversity of marine organisms, drives marine 
ecosystem functioning and influences climate processes and biogeochemical cycles 
(Murtugudde et al., 2002; Sabine et al., 2004; Roemmich & McGowan, 1995). In most 
of the world‟s oceans, biological productivity is limited by the availability of light and 
nutrients.  In the euphotic zone at the ocean surface, phytoplankton growth is controlled 
by the supply of nutrients. Phytoplankton requires elements such as carbon (C), oxygen 
(O), N, silicon (Si), potassium (K), P and zinc (Zn) in relatively fixed proportions in 
order to grow. Some of these elements are called trace metals because of their very low 
concentration in the environment, although rocks and soil are enriched in these metals. 
Their concentration in the sea is low due to their limited solubility and effective 
removal from the water column (Johnson et al., 1997). Trace metals can be limiting 
nutrients (e.g. Fe), or toxicants (e.g. Cd, Hg). Toxicity often occurs when toxic metals 
displace nutrient metals from their metabolic sites (Bruland et al., 1991).  
The primary nutrients that limit marine phytoplankton growth rates may include N, P, 
Fe and/or Si. Atmospheric transport and deposition provide a source for each of these 
nutrients to the oceans (Krishnamurthy et al., 2010).  
Iron is required by phytoplankton for many processes, like C and N fixation, nitrate and 
nitrite reduction, chlorophyll synthesis and the electron transport chains of respiration 
and photosynthesis (Twining & Baines, 2012; Raven et al., 1999; Morel et al., 2003). 
Enzymes also incorporate Fe, which are used to several functions (Whittaker et al., 
2011). In fact, Fe supply is a limiting factor on phytoplankton growth over vast areas of 
the modern ocean (Martin & Fitzwater, 1988). These areas are called “high-nutrient 
low-chlorophyll” (HNLC) regions because there are high levels of macronutrients (N, P, 
and Si) and relatively low algal abundance. They represent 20–40% of the ocean. There 
are numerous sources of iron to the oceans, but the dominant external input of iron to 
the surface of the open ocean is dust transport (Jickells et al., 2005), because crustal 
materials are rich in Fe (∼4.3%, by weight, Wedepohl, 1995). Atmospheric dust inputs 
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results in an enrichment of surface Fe concentrations (Bruland et al., 1994; Sarthou & 
Jeandel, 2001). Nevertheless, the Fe solubility in atmospheric particles is extremely low 
(Jickells and Spokes, 2001) and the residence time of Fe in surface seawater is rather 
short (Jickells, 1999; de Baar & de Jong, 2001). As a consequence, in some regions with 
high atmospheric inputs such as the Mediterranean Sea, after spring blooms and in the 
absence of any Saharan dust input, Fe concentrations in the surface waters are extremely 
low and may be limiting for phytoplankton growth (< 0.1nM; Sarthou & Jeandel, 2001). 
The deposition of iron promotes the growth of phytoplankton in certain parts of the 
ocean. For example, Watson et al. (2000) showed the effect of iron on the ratio of net 
uptake of silicon to carbon by an unenclosed marine ecosystem in an in-situ iron-
enrichment experiment in the polar Southern Ocean, which is a HNLC region. 
On the other hand, aerosol particles also can release to seawater elements that are highly 
toxic at relatively low concentrations, producing toxic effects, such as Cu (Moffett & 
Brand, 1996). Copper is a component of respiratory proteins and oxidases (Baron et al., 
1995). Its toxic effect depends on the dissolved concentration of free inorganic Cu, not 
of total copper (Sunda & Guillard, 1976; Anderson & Morel, 1978). In seawater free Cu 
is efficiently complexed (Moffett et al., 1990; Moffett, 1995), so its concentration is 
generally below 1pM in open ocean and unpolluted coastal waters, without producing 
toxic effects. However, in some occasions its concentration results in an order of 
magnitude higher (Moffett et al., 1997; Kozelka & Bruland, 1998; Tang et al., 2001). 
Research shows that high concentrations of free Cu (in the picomolar to nanomolar 
range), among other effects, reduce cell division rates of phytoplankton in culture 
(Brand et al., 1986), decrease photosynthetic rates (Baron et al., 1995), as well as 
interfere with the uptake of other essential trace metals (Sunda, 1989; Sunda & 
Huntsman, 1998) and influence the composition of the phytoplankton community 
because species have different sensibility to copper toxicity (Brand et al., 1986; Jordi et 
al., 2012).  
Paytan et al. (2009) demonstrated that addition of aerosols with high copper 
concentrations to surface seawater samples from Northern Red Sea surface have toxic 
effects on some taxa of phytoplankton. Worth mentioning here is that depending on the 
source and type of aerosols, the fractional solubility of the copper that it contains varies. 
In fact, the fractional solubility of aerosols dominated by desert dust is 1-7%, whereas 
anthropogenic aerosols have a fractional solubility of 10-100% (Sholkovitz et al., 
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2010). Jordi et al. (2012) provide evidence of the negative effect of Cu aerosols of 
anthropogenic origins on marine phytoplankton over a vast area of the western 
Mediterranean Sea, based on aerosol Cu concentration and satellite chlorophyll a (chl 
a). Therefore, anthropogenic aerosols are a potential threat to marine phytoplankton. 
Conversely, further research is needed about Cu deposition, solubility, etc., to determine 
the real magnitude of this threat.  The major input of anthropogenic Cu in the 
atmosphere is the metal industry, although also contribute urban agglomerations (e.g., 
due to the abrasion products of brake pads in vehicles) (Schauer et al., 2006). 
A lot of research studies have been carried out to quantify atmospheric inputs of trace 
metals to the marine environment (Chester et al., 1993, and references therein; Duce et 
al., 1983; Koçak et al., 2004), but none of them have focused on the Balearic Islands, 
located in the western Mediterranean basin, and their effect on the phytoplankton. The 
study of the effect of aerosols in phytoplankton is particularly important nowadays 
mainly because human activities have increased the amount of atmospheric aerosols and 
specifically those carrying Cu and other toxic metals (Hong et al., 1996; Rauch & 
Pacyna, 2009). 
1.3. Objectives 
The aim of this study is to quantify and characterize chemically (primarily trace metals) 
the different events of dry deposition produced in the Balearic Islands, and to examine 
their effect on marine phytoplankton. The study of the effects of aerosol deposition on 
marine phytoplankton was held by incubation experiments in laboratory with natural 
communities. In particular, the response of phytoplankton to aerosol additions with high 
Fe and Cu content was analyzed.  
This work is part of the Concorda project (Contribution of remote nutrients and 
pollutants from atmospheric and biotic deposition to the Cabrera Archipelago) (Ref: 
384/2011), which aims to evaluate the effects of materials (nutrients, pollutants and 
biological materials) on marine and terrestrial ecosystems of the Cabrera National Park. 
Such knowledge is essential not only for understanding the general ecological 
functioning of Cabrera Archipelago, but also to design and implement management 
plans that would preserve and improve the health of various ecosystems of the National 
Park. 
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1.4. Area of study: Balearic Islands 
The Balearic Islands have a typical Mediterranean climate, characterized by generally 
mild winter temperatures (November through February) and dry summers (June through 
September). The transitional seasons are spring (March through May) and autumn 
(October) (Brody & Nestor, 1980; Milliman et al., 1992). The atmospheric dynamics 
influencing aerosol transport in and around this region are governed by complex 
interactions of mesoscale and local meteorological processes as well as topographic 
effects (e.g. Gangoiti et al., 2001; Rodríguez et al., 2003). These processes include the 
Azores high-pressure system, continental thermal lows over Iberia peninsula and North 
Africa, the orographic effects of the coastal ranges surrounding the western 
Mediterranean basin, and the scarce summer precipitation. 
Wet Saharan aerosol deposition events in the Balearic Islands are associated with 
cyclones affecting the Mediterranean basin principally in late winter-spring and autumn, 
while dry Saharan aerosol intrusions mostly occur in summer when a persistent surface 
thermal low is formed over North Africa (Escudero et al., 2005). By contrast, 
anthropogenic aerosols from European origin are usually transported to the Balearic 
Islands during winter when cyclogenesis occurs over the European continent (Jansa, 
1987).  
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2. MATERIAL AND METHODS 
2.1. Monitoring sites 
Aerosol measurements consisted of atmospheric dry deposition samples collected at 3 
stations in the Balearic Islands (northwestern Mediterranean) (fig. 1): 
 Cabrera National Park (2º 55‟ 50.67‟‟E, 39º 9‟ 17.43‟‟N) is located 9 km 
southeast of Mallorca Island and was declared a National Park in 1993, when 
conservation policies were implemented to protect both the land and marine 
components. 
 Es Amunts d‟Eivissa (1º 28‟ 39.90‟‟E, 39º 1‟ 49.24‟‟N) is located in the north 
side of Ibiza Island. The area is rural comprising small towns, agriculture and 
traditional livestock farming, and well-preserved forests.  
 S‟Albufera des Grau Nature Park (4º 15‟ 6.49‟‟E, 39º 56‟ 24.51‟N) is located in 
the northeastern part of Menorca Island. It encompasses wetland areas, wide 
swaths of shoreline, and a number of farms which use traditional farming 
practices. This site is located 5 km to the north of Mahón, the main city in 
Menorca Island, where there is an airport and a thermal power generation plant. 
The Balearic Islands present a high number of anthropogenic emission sources, 
including road, maritime and air traffic, industrial emissions, power generation, 
agricultural and farming activities, the local emissions are relatively low compared 
to densely populated and industrialized areas in Europe. However, these local 
emission sources are usually poorly dispersed owing to the specific characteristics 
anthropogenic 
emissions in each 
island. Sample 
stations were 
located on rural 
and protected 
areas to avoid 
local emissions. 
Figure 1. Location of atmospheric dry depositions sampled and surface seawater 
collection. 
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2.2. Atmospheric dry depositions collection and chemical analysis 
Sampling 
Weekly integrated atmospheric particulate samples were collected at Cabrera National 
Park (Cabrera), Es Amunts d‟Eivissa (Ibiza) and S‟Albufera des Grau Nature Park 
(Menorca) onto an acid-washed Teflon filter (filter size 20 cm x 25 cm in Menorca and 
Ibiza and 150 mm diameter in Cabrera) in a high-volume (HV) samplers (MCV-CAV, 
at a flow of 20 m
3
h
−1
). The aluminum parts of the air duct and mesh filter of HV were 
replaced by PVC to prevent contamination of the filters. The HV took a weekly sample 
alternating periods of functioning at 20 m
3
/h (1 h) and 2 h without aspire air. The 
sampling period was July- December 2012 in Ibiza, July-September 2012 in Menorca 
and July 2012- 9 January 2013 in Cabrera. Two filters collected in Ibiza on 19 and 25 
September 2012 were used as blanks in the HV without air aspiration in order to 
determine the backgroung signal. Over the sampling period, a total of 23, 25 and 10 
aerosol samples were collected at Ibiza, Cabrera and Menorca, respectively. 
Filter handling 
After collection of the samples, filters were delivered to the laboratory in sealed bags 
and they were stored frozen. Filters were cut using a ceramic knife to get the sample 
mass below 0.5 g (the working limit of the microwave vessels). In addition, it allowed 
comparing analysis results from multiple pieces per filter. There were obtained three 
replicas in Menorca and Ibiza filters (each sized 6 cm x 3.8 cm), while only one in 
Cabrera filters. Filters were transferred to acid clean polypropylene centrifuge tubes (13 
ml), labeled and sealed in a clean plastic bag and stored in a freezer to minimize 
biological activity until digestion and analysis.  
Sample preparation 
Previous to the filter digestion, filter pieces were weight and transferred into high-
pressure Teflon vessels. The digestion solution consisted of 9 ml of bi-distilled 65% 
nitric acid, 0.5% hydrofluoric acid and 2 ml hydrogen peroxide 30% w/v. Pekney & 
Davidson (2005) estimated that 0.1 % or less HF in the digestion solution digests 
completely all of the crustal material in an average sample. Hydrogen peroxide was 
used to reduce NO fumes. Digestion was carried out at the microwave MARS Xpress 
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(CEM Corp., Matthews, NC). The microwave method developed for sample digestion 
was controlled by temperature and it is illustrated in fig. 2.  
 
Figure 2. Temperature-controlled program for the MARS Xpress digestion method. 
Digested samples were transferred into acid clean polypropylene centrifuge tubes (45 
ml). Then ultrapure water was added to a volume of 45 ml. Samples were stored to 4ºC 
until analysis.  
During all process, samples were manipulated using plastic (polyethylene) gloves and 
acid cleaned devices to reduce and prevent the risk of contamination. Samples were kept 
in acid cleaned containers and they were shipped and stored in double bags (colorless 
PE zip-type bags).  
Chemical analysis 
Metal concentrations (Ag, Al, As, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Ti, V and Zn) 
were determined by ICP-AES (Perkin Elmer ICP-AES Optima 5300 DV). ICP-AES 
was calibrated and a check standard was analyzed after the initial calibration and 
subsequently after every 12 or 15 samples. Detection limits were calculated as three 
times the standard deviation of the blanks values, being in ng g
-1
: Ag = 3.14, Al = 20.68, 
As = 50.72, Cd = 0.38, Co = 0.84, Cr = 0.51, Cu = 3.81, Fe = 11.15, Mn = 0.23, Mo = 
26.68, Ni = 0.73, Pb =7.67, V = 15.18 and Zn = 1.84. Metal concentration for Ag, As, 
Cd, Co, Mo, Pb and V were always below their respective detection limits. 
A total of 69, 25 and 30 aerosol samples collected at Ibiza, Cabrera and Menorca, 
respectively (including blank filters) were digested and analyzed. 
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2.3. Study of the source of aerosols  
In order to analyze the source of aerosols, the crustal enrichment factor (EF crustal) for 
the trace metals in the aerosols was calculated following Taylor (1964) and Ikegawa et 
al. (1999): 
EF crustal = (Me/Al)aerosol/ (Me/Al)crust; 
where Me and Al are the concentrations of each studied metal and Al, in aerosol and in 
average upper crustal material, respectively. The chemical composition of the upper 
continental crust was obtained from Taylor & McLennan (1995) (fig. 3).  
 
Figure 3. Chemical composition of the Upper Continental Crust (ppm), according to 
Taylor & McLennan, 1995. 
The composition of the upper continental crust was used because it is the principal layer 
of the crust that provides aerosols to the atmosphere. Continental crust extends 
vertically from the Earth‟s surface to the Mohorovicic discontinuity occupying 41.2% 
of the surface area of the Earth and it is especially diverse and heterogeneous. The 
elements more abundant in the upper continental crust are Al, Fe, Ti and Mn (fig. 3), 
and for this reason are called lithogenic elements. 
Although the absolute concentrations of metals in aerosols are usually low, their 
enrichment factors can be used to differentiate between natural or anthropogenic 
sources, and to assess the proportion of the anthropogenic contribution. Here we used 
Al as the reference element to calculate EF values. The reference element must derive 
principally from rock and soil dust. An EF value close to unity (less than 5) is 
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considered as indicator of an input from rock and soil, while that an EF value greater 
than 10 suggests that the corresponding element originated mainly from other sources 
(Ferrari et al., 2004). 
Information of the arrival of African aerosols or polluted air masses from Europe to 
Balearic Islands was also obtained through CALIMA (Characterization of Aerosols 
caused by Intrusions of African Air masses) web.  
2.4. Aerosol addition experiments. 
Phytoplankton growth experiments were conducted in May 2013 with surface nearshore 
water collected at Ses Salines Cape to test the response of coastal planktonic 
communities to the addition of natural and anthropogenic aerosols. Ses Salines Cape is 
an open and rocky shore located in a relatively pristine area (fig. 1).  
Surface seawater was collected in 8 L acid-washed bottles and prefiltered through a 100 
µm mesh to exclude large grazers. Different aerosols were added to the 8 L bottles by 
triplicate for each treatment as described below. The bottles were incubated in the lab 
during 3 days on a 12 h: 12 h light: dark cycle with light provided from cool white 
ﬂuorescent bulbs at an intensity of ∼750 μE m−2 s−1 and at a temperature of 22 ºC. 
Samples for monitoring chl a concentration, bacterioplankton and phytoplankton 
community, and Fe/Cu speciation analysis were collected every 12 h. In addition, the 
bottles were sampled for inorganic nutrients and dissolved metals at initial and final 
time.  
In this work we focused on the chl a concentration (to monitor the response of bulk 
phytoplankton) and composition of the initial phytoplankton community. Chl a samples 
were taken as follows: a sample of 120 ml was filtered over a GF/F (Whatman) and 
extracted in 90% acetone in the dark at -20 °C for 24 h and analyzed fluorometrically on 
a fluorometer (Turner Designs). The procedure for identifying and quantifying 
phytoplankton in the control treatment at initial time (0 h) involved sedimentation (24 h) 
of a 50 ml subsample fixed with lugol (1% final concentration) in a settling chamber 
and subsequent counting of cells in half of the chamber area at 400x magnification 
using an inverted microscope (Zeiss Axio Vert.A1). The net chl a growth (d
-1
) was 
calculated with the formula: log (chl2/chl1)/dt, where chl2 is chl a at final time (time t2 
= 72h), chl1 is initial chl a (time t1 = 0 or 12 h, depending on the treatment) and dt = t2-
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t1. One-way ANOVA tests were used to test for differences among treatments and 
replicas, to determine if they differed significantly (P ≤ 0.1).  
Aerosols for inoculation were obtained from the locally collected dry aerosol samples. 
We selected two samples (natural and anthropogenic) based on their source regions and 
the chemical composition of the dissolved fraction. The natural sample was collected in 
Cabrera the 8
th
 August 2012 whereas the anthropogenic sample was collected in 
Menorca the 5
th
 September 2012. Each aerosol was added at three concentrations; high 
(H), medium (M) and low (L), for a total of six aerosol treatments plus a control 
treatment (no aerosol addition). The higher aerosol deposition treatments simulate a 
concentration of Fe and Cu in the natural or anthropogenic aerosol that would occur in 
the surface ocean upper 10 m mixed layer following 10 days of deposition after the 
maximum deposition event registered in the western Mediterranean Sea (320.9 mg Fe 
m
-2
 y
-1
 and 7.0 mg Cu m
-2
 y
-1
; Pey et al., 2009). Medium deposition treatments mimic 
moderately strong deposition events of natural Fe (169.3 mg Fe m
-2
 y
-1
) and 
anthropogenic Cu (4.3 mg Cu m
-2
 y
-1
). Finally, lower deposition treatments represent 
typical annual average deposition rates for the western Mediterranean Sea (35.4 mg Fe 
m
-2
 y
-1
 and 1.6 mg Cu m
-2
 y
-1
). Both dry aerosol samples were extracted by adding the 
filters on separate 1 L acid-washed bottles of seawater from Ses Salines Cape and 
manually stirring during 30 min. As demonstrated previously (Watson et al., 2000; 
Paytan et al., 2009), it was expected that Fe would enhance phytoplankton growth while 
Cu would be toxic, except for the low treatment that did not reach the toxic limit (Jordi 
et al., 2012).  
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3. RESULTS AND DISCUSSION 
3.1. Quantification and characterization of trace metals at aerosol dry 
deposition samples collected in the Balearic Islands. 
Spatial and temporal variations 
Time series of metal concentrations in dry depositions at the 3 sampled stations are 
displayed in figures 4 and 5. Concentrations of trace metals show large temporal and 
spatial variability from July 2012 to January 2013. In the Mediterranean Sea aerosol 
components have significant seasonal variations due to the periodicity of atmospheric 
conditions and human activities (Wu et al., 2009), so the temporal variability was 
expected. In this study, samples were collected during ~6 months, so the annual 
variability can‟t be analyzed. The differences in the metal concentrations between the 
stations could be explained by the differences in the source of these metals (natural 
or/and anthropogenic) and the contribution of each one, which is especially dependent 
on the human activities and the air mass transport to the observation points.   
The time series of Fe, Al and Mn obtained in atmospheric aerosols at Ibiza, Menorca 
and Cabrera stations during the sampled period shows a very similar dynamic in all the 
3 stations, which is confirmed by the Pearson correlation coefficient of 0.992 and 0.993 
between Fe-Al and Fe-Mn, respectively. Furthermore, the dynamic is also similar 
between stations, indicating that these metals have the same origin in the three stations. 
Maximum concentrations of Fe, Al and Mn were reached in July, August and October, 
specifically in the filters collected on 1/8/12 at Ibiza and Cabrera, 31/7/12 at Menorca, 
14/8/12 at Ibiza and Menorca, 15/8/12 at Cabrera and 24/10/12 at Ibiza and Cabrera 
(fig. 4). High concentrations could be related with the arrival of African aerosols since 
these elements (Fe, Al, Mn) are very abundant in the continental crust.  
By contrast, Cu, Zn, Ti, Cr and Ni concentrations during the sampled period were not 
synchronized with Al, Fe and Mn, and even between them or between stations (fig. 5), 
suggesting a local source for each station. However, chromium shows peaks of 
concentration on July, August and October, like Al, Fe and Mn. Furthermore, Cr 
concentration is lower in Cabrera than in Ibiza and Menorca, and at the beginning of 
September the Cr concentration is higher at Menorca than at Ibiza, similar to Al, Fe and 
Mn. These coincidences support the idea of a common origin of Cr, Al, Fe and Mn.   
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Figure 4. Time series of iron (Fe), aluminum (Al) and manganese (Mn) concentrations 
(ng m
-3) in atmospheric aerosols at Es Amunts d‟Eivissa (Ibiza), s‟Albufera des Grau 
Natural Park (Menorca) and Cabrera National Park (Cabrera) stations from July 2012 to 
January 2013 (upper panel). The date of the figures indicates the day that samples were 
collected. Correlation between Fe vs. Al and Fe vs. Mn for the 3 stations (lower panels). 
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Figure 5. Time series of copper (Cu), zinc (Zn), titanium (Ti), chrome (Cr) and nickel 
(Ni), concentrations (ng m
-3
) in atmospheric aerosols at Es Amunts d‟Eivissa (Ibiza), 
s‟Albufera des Grau Natural Park (Menorca) and Cabrera National Park (Cabrera) 
stations from July 2012 to January 2013. The date of the figures indicates the day that 
samples were collected. 
Table 1. Average values ± SD of metal concentrations in aerosols on different areas of 
the world
a
. 
Reference
b
 Location Al Cr Cu Fe Mn Ni Ti Zn 
 
 
 
 
 
1 
Ibiza 
 
 
Cabrera 
 
 
Menorca 
 
 
Grand mean 
471.4±523.3 
811.1±556.1c 
 
198.6±166.6 
273.7±180.2c 
 
975.6±304.5 
1021.1±305.9c 
 
463.3±466.2 
 
1.3±0.6 
1.4±0.8c 
 
0.7 
0.7c 
 
1.4±0.6 
1.5±0.6c 
 
1.3±0.6 
10.0±4.4 
10.9±5.7c 
 
- 
- 
 
78.5±39.5 
81.2±44.3c 
 
32.1±39.2 
330.6±327.8 
550.9±357.4c 
 
155.6±137.5 
239.2±152c 
 
629.5±173.4 
665.7±178.9c 
 
314.3±289.9 
5.4±5.2 
9.1±5.6c 
 
3.0±2.3 
4.5±2.1c 
 
10.7±2.6 
11.0±2.6c 
 
5.4±4.7 
1.8±0.7 
1.9±0.9c 
 
1.1±0.4 
1.0±0.2c 
 
1.2±0.5 
1.3±0.6c 
 
1.4±0.6 
48.1±29.4 
42.5±24.6c 
 
11.5±15.8 
4.8±2.6c 
 
4.8±4.2 
5.8±4.2c 
 
24.4±28.2 
7.1±4.3 
9.1±4.8c 
 
3.8±2.0 
4.2±2.6c 
 
9.2±5.9 
8.6±6.0c 
 
6.2±4.4 
2 Rourkela, 
India 
50.5±15.0 30.9± 
9.2 
0.1±0.4 102.1±30.4  17.4±5.
3 
 41.9± 
12.5 
3 Delhi,  
India 
 104.0± 
79.3 
 5220±3310  96.9± 
65.4 
  
4 Dhaka, 
Bangladesh 
  28 2360    911 
5 Taejon city, 
Korea 
 25.1± 
22.1 
41.1±22.0 1633±926 50.3± 
31.9 
37.9± 
21.6 
32.6±30.3 240± 
133 
6 La Plata City, 
Buenos Aires 
 4.32± 
2.4 
29.5±27.3 1183±838 25.5± 
19.7 
3.1±3.5  273± 
227 
7 Arctic
d      0.85  1.9 
a
Units are in ng m
-3
. 
b
References: 1, this work; 2, Kavuri & Paul (2013); 3, Khillare et al. (2004); 4, Al 
Mahmud et al. (2008); 5, Kim et al. (2002); 6, Bilos et al. (2001); 7, Shevchenko et al. 
(2003). 
c
From July to 11 September 2012. 
d
Concentration during spring (maximum) time, Franz Josef Land (FJL), Russian Arctic. 
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Comparison of mean metal concentrations between the sampled stations in the Balearic 
Islands results in the lowest concentrations in Cabrera and the highest in Menorca 
islands (Table 1). However Menorca only was sampled during July-September 2012. 
Comparing the mean concentrations of the three stations from July to 11 September 
2012, Menorca shows the highest mean concentrations, although there are no significant 
differences between Menorca and Ibiza due to the high standard deviations. Cabrera, on 
the other hand, presents the lowest metal concentrations. Exceptions are Ti, Ni and Cu; 
Titanium and Ni have the maximum in Ibiza. The mean concentration of Cu in Menorca 
is significantly higher to that in Ibiza. Variations in the atmospheric conditions, 
determining the arrival of African dust to the Balearic Islands and the distance from 
local emission sources can explain these values. It is worth mentioning that especially in 
Cabrera, the concentrations of Cr, Cu, Fe, Mn, Ni and Zn were below the limit of 
detection some weeks, so the mean metal concentrations could not be totally exact. 
Source of aerosols 
Time series of EF crustal ratio for Cr, Cu, Fe, Mn, Ti and Zn in atmospheric aerosols at 
the three stations from July 2012 to January 2013 were represented to analyze the 
source of each element (fig. 6). Box plots of EF crustal for the different elements in 
aerosols on each station were plotted to evaluate the degree of dispersion and skewness 
in the data, and to identify outliers (fig. 7). 
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Figure 6. Time series of crustal 
enrichment factor (EF crustal) for chrome 
(Cr), copper (Cu), iron (Fe), manganese 
(Mn), titanium (Ti) and zinc (Zn) in 
atmospheric aerosols at Es Amunts 
d‟Eivissa (Ibiza), s‟Albufera des Grau 
Natural Park (Menorca) and Cabrera 
National Park (Cabrera) stations from July 
2012 to January 2013. The date of the 
figures indicates the day that samples were 
collected. There is a line showing EF=1. 
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Figure 7. Box plots of crustal enrichment factor (EF crustal) for (Cr), copper (Cu), iron 
(Fe), manganese (Mn), titanium (Ti) and zinc (Zn) in atmospheric aerosols at Es 
Amunts d‟Eivissa (Ibiza), S‟Albufera des Grau Natural Park (Menorca) and Cabrera 
National Park (Cabrera) stations during the sampled time. The central line within the 
box is the median, the edges of the box are the 25
th
 and 75
th
 percentiles, the whiskers 
indicate the 5
th
 and 95
th
 percentiles, and the points are the most extreme data points. 
There is a line showing EF = 1. 
Iron, Mn, Al, Ti and Cr show EF values lower than 5 in Ibiza, Menorca and Cabrera 
through the time series (although only one Cr value was obtained in Cabrera) (fig. 6). 
Consequently, their EF crustal values present a very low dispersion (fig. 7), indicating a 
natural origin from continental crust. This is consistent with the very similar dynamics 
of Fe, Mn and Al concentrations through time. Furthermore, Calima project reports the 
presence of  African aerosols in the Balearic Islands during 1-2, 8-11, 14 and 27-31 
July, 1-6, 9-18 and 24-25 August, 21 September and 18-22 October (fig. 8), which 
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agrees with the EF values obtained for Fe, Mn, Al, and Cr. In October there isn‟t so 
much evidence of the impact of African dust in the metal concentrations, and the reason 
could be the rainfall. Therefore, the origin of Fe, Al, Mn, Cr and Ti in the measured dry 
aerosols are the Saharan intrusions.  
 
Figure 8. African dust episodes that arrived to Balearic Islands from July 2012 to 
January 2013. 
On the other hand, Cu presents values of EF crustal ratio higher than 10 in Ibiza and 
Menorca through the time series (fig. 6), indicating its additional non-natural source. EF 
crustal ratio was not calculated at Cabrera because concentrations were below the limit 
of detection. This agrees with the large dispersion for Cu EF values in Ibiza and 
Menorca (fig 7), indicating a high variability between the natural and anthopogenic 
sources for the Cu in these stations. Finally, Ni and Zn show values lower or higher than 
10 depending on the week, indicating that the dominant sources are also variable with 
time (fig. 6 and 7). Calima web reports that during these months there weren‟t days 
affected by the transport of polluted air masses from Europe, which suggests that Cu, 
Zn and Ni have local anthropogenic sources. 
The three mayor anthropogenic sources of trace elements in the atmosphere are: (1) 
combustion of fossil fuel (largely from coal combustion) and industrial activit ies are the 
major source of Cr (2) combustion of petroleum products provides the major source of 
Ni and V, and the combustion of leaded, low-leaded, and unleaded gasoline continues to 
be the major source of atmospheric Pb emissions, and (3) non-ferrous metal production 
is the largest source of atmospheric Zn, Cu, As and Cd (Pacyna & Pacyna, 2001). These 
different sources and their contributions will affect the concentrations and EF values of 
those heavy metal elements.  
1-7-12 1-8-12 1-9-12 1-10-12 1-11-12 1-12-12 1-1-13 
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The lowest concentrations of Cu and Zn were found in Cabrera, which is explained by 
the fact that it is distant from the sources areas of these trace metals. The concentration 
of Cu in Menorca is much higher (78.5 ng m
-3
) than in Ibiza (10.0 ng m
-3
). This 
difference could be explained because the station of Menorca is located 5 km to the 
north of Mahón, where there is an airport and a thermal power generation plant, that 
could be a source of Cu in the atmosphere. In addition, Zn concentration increases were 
related to increases in the EF crustal ratio (figures 5 and 6), which indicates that these 
increases are due to anthropogenic emissions.  
Levels of trace metal concentration in Balearic Islands and comparison with other 
sites 
The average and standard deviation (SD) values of trace metal concentrations at the 3 
stations and the grand mean were compared with other sites (Table 1). In this work TSP 
was sampled, PM10 in Kavuri & Paul (2013), TSP in Khillare et al. (2004), PM10 in Al 
Mahmud et al. (2008), TSP and PM10 in Kim et al. (2002) and TSP in Bilos et al. 
(2001). 
Trace metals in aerosols over the Balearic Islands have very low concentrations. Cr, Cu, 
Mn, Ni, Ti and Zn elements have concentrations of several or tens of nanograms per 
cubic meter (grand mean is 1.3, 32.1, 5.4, 1.4, 24.4 and 6.2 ng m
-3
, respectively). These 
levels are of the same magnitude as found at other remote locations (Table 1). However, 
Cr, Ni and Zn in Balearic Islands present different concentrations than in other aerosols 
reported in other regions. Thus, the concentration levels of Cr, Ni and Zn in Balearic 
Islands were lower than those in the other sites (except in Arctic). It is likely that 
anthropogenic emissions for these metals would be higher in those places than in 
Balearic Islands.  
In relation to Fe and Al, concentrations of hundreds of nanograms per cubic meter in 
aerosols were measured over the Balearic Islands (grand mean is 314.3 and 463.3 ng m
-
3
, respectively). At Rourkela (Kavuri & Paul, 2013), Al was one order of magnitude 
lower than in Balearic Islands whereas Fe was the same order of magnitude. However, 
at Dhaka (Al Mahmud et al., 2008), La Plata City (Bilos et al., 2001), Taejon city (Kim 
et al., 2002) and Delhi (Khillare et al., 2004), Fe was one order of magnitude higher. A 
possible explanation of these high levels of Fe in these places is that there is an 
anthropogenic source of Fe, whereas in Balearic Island the Fe source is natural. The 
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major sources of Fe are both anthropogenic and crustal origin, they include iron and 
steel manufacturing units and weathering of exposed iron in urban areas, although the 
overwhelming source of Fe particles in the atmosphere is from the crustal weathering 
(Lee et al., 1994). 
The elemental concentration for Ni in Balearic Islands aerosol is at low level similar to 
that recorded in the remote Arctic, at Franz Josef Land (Russian Arctic) during spring 
(maximum) season (Shevchenko et al., 2003), which is an area relatively free from 
pollution. It is known that atmospheric Ni concentration from remote areas that are 
considered to be relatively free from anthropogenic Ni emissions is in the range of 0.1–
1 ng m
−3
 (marine) and 1–3 ng m−3 (Continental) (Khillare et al., 2004). Therefore Ni has 
background concentration in the atmospheric environment of the Balearic Islands, and 
Ni pollution caused by human activities has little effect there. However, according to 
the calculated EF crustal ratio, Ni had a predominant anthropogenic source in the series 
during its maximum values.  
 
3.2. Aerosol addition experiment   
To assess the short-term (days) response of phytoplankton communities to aerosol 
deposition, incubation experiments were performed using the locally collected dry 
deposition aerosol samples from the aerosol time series. Two aerosols were selected, the 
first with high Fe content (Fe aerosol) and the second with high Cu content (Cu 
aerosol), and represent different situations found throughout the year in the Western 
Mediterranean Sea (see material and methods).  Despite the high Fe or Cu content, other 
metals also had relatively high concentrations (fig. 9). The concentration of Al, Mn, Fe, 
Ti and Cr was very similar in both filters, although slightly smaller in the Cu aerosol. 
However, the concentration of Cu and Zn was much higher in the Cu aerosol than in Fe 
one. The Fe aerosol was collected in Cabrera the 8
th
 August 2012, which coincides with 
the maximum levels of Fe, Al and Mn recorded in this study (fig. 4). As pointed out 
before, these aerosols were originated in the Saharan (natural aerosols). In contrast, the 
origin of the Cu aerosol, collected in Menorca the 5
th
 September 2012, was local and 
anthropogenic, as indicated by the high EF crustal ratio. 
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Figure 9. Trace metal composition in the two aerosols used in the experiment of 
addition (Fe aerosol in the upper panel and Cu aerosol in the lower one). 
These aerosols were added to surface nearshore seawater collected from Ses Salines 
Cape (a pristine area located in the south of Mallorca) (Fig. 1). The composition of 
phytoplankton in this surface water is shown in fig. 10. Diatoms were the dominant 
group (~81%), with high abundances of Pseudo-nitzschia spp. (21% of diatoms), 
Licmophora spp. (16% of diatoms), and Cylindrotheca closterium (10% of diatoms). 
Dinoflagellates represented the ~14% of the community, being dominated by 
Gymnodiniodid species (59% of dinoflagellates). 
 
Figure 10. Abundance of phytoplankton (cells/ml) in the collected water at 0 h 
(beginning) of the phytoplankton growth experiment. 
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In the Mediterranean Sea, diatoms usually dominate the phytoplankton community 
during winter and spring, although there is a high variability in coastal areas (Mercado 
et al., 2005; Totti et al., 2000). Furthermore, diatoms generally have a rapid growth, so 
they can benefit from sudden nutrient inputs. In fact, strong wind and high seas were 
registered the days previous to the water collection. Jordi et al. (2009) demonstrated that 
these conditions favor the sediment and nutrient resuspension in the area. This could 
explain the high abundance of diatoms. It is important to emphasize that diatoms are 
more tolerant to Cu than dinoflagellates (Quigg et al., 2006). 
To measure the response of phytoplankton communities to aerosol additions, chl a 
concentration was analyzed as an indicator of the phytoplankton biomass. Figure 11 
shows the time series of chl a during the experiment for the different treatments. Initial 
values (at 0 h for control and at 12 h for other treatments) differed between replicates. 
Samples were taken directly from the sea with ~1 m waves, which could be the cause in 
the heterogeneity of the initial values. A possible solution would be the homogenization 
of all the water samples before the distribution to the bottles. On the other hand, 
replicates 3 for the control treatment, and 2 for the Cu L and Cu M treatments seem very 
different from the other replicates for the same treatments. In fact, ANOVA test shows a 
p-value of 0.084 and 0.027 between 1C-3C and 2C-3C, a p-value of 0.007 and 0.004 
between 1Cu L- 2Cu L and 2Cu L-3Cu L, and a p-value of 0.089 and 0.016 between 
1Cu M-2Cu M and 2Cu M- 3Cu M, respectively. This means that these replicates were 
significantly different from other and were removed from the results because of the 
initial heterogeneity in the collected water samples. 
The Mediterranean is an oligotrophic sea and the low nutrient availability limits the 
primary production (Thingstad & Rassoulzadegan, 1995). As a consequence, chl a 
concentrations in the sea‟s surface waters are low over large areas for most of the year  
(<0.2 mg chl a m
-3
). However, high nutrient and phytoplankton concentrations are often 
observed in the nearshore areas as a consequence of riverine inputs, continental runoff, 
groundwater discharges, and other anthropogenic inputs. In this experiment, the initial 
phytoplankton biomass was 0.63 mg m
-3
 (fig. 12). In the Ses Salines Cape there is no 
input of nutrients from those discussed above, so that the most probable cause of this 
high value is nutrient resuspension from the sediment induced by the swell. This also 
would explain the dominance of diatoms in the phytoplankton community, as 
previously discussed. 
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Figure 11. Time series of chl a concentration (mg m
-3
) of the triplicates (1-3) for the 
treatments, in the phytoplankton growth experiment. 
Figure 12 compares the evolution of chl a concentration between the treatments and the 
control. Although chl a concentration increases with time for all the treatments, relative 
decrements were observed after dark and increment after day (light period). The general 
increase in chl a is greater for Fe-H, Fe-M, Fe-L, and Cu-L treatments, and lower for 
Cu-H, Cu-M, and control treatments. To summarize these differences between 
treatments, the net Chl a growth (d
-1
) is represented in a box plot (fig. 13). 
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Figure 12. Time series of chl a concentration mean (mg m
-3
) for the treatments, in the 
phytoplankton growth experiment. 
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Figure 13. Box plots of net chl a growth (d
-1
) for the six treatments, in the 
phytoplankton growth experiment. The central line within the box is the median, and the 
edges of the box are the 5
th
 and 95
th
 percentiles. (H= high, M= medium, L=low). 
The addition of Fe aerosols caused a significant increase in chl a compared to control 
(figs. 12 and 13). ANOVA tests between the net chl a growth for Fe treatments and 
control show p-values of 0.003, 0.103 and 0.123 for Fe-H, Fe-M and Fe-L, respectively. 
Hence, these results show that Fe deposition events in the western Mediterranean Sea 
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promote the growth of phytoplankton. This agrees with previous studies that 
demonstrate the positive effect on Fe deposition on phytoplankton growth (Watson et 
al., 2000; Cassar et al., 2007). The increase of biomass in Fe-H and Fe-M was about 
150% in three days in relation to the initial value, which could explain outbreaks of 
opportunistic species occurring along the Mediterranean coast during summer. 
However, other inputs such as groundwater discharges are able to increase the 
phytoplankton biomass (Garcés et al., 2011). In addition, Saharan events that provide 
Fe to the Mediterranean Sea have typical scales of tens or hundreds of kilometers, 
whereas typical Mallorcan phytoplankton blooms are highly localized (hundreds of 
meters) (Basterretxea et al., 2005, 2008). Therefore, it is not likely that Fe deposition 
would be responsible for these blooms, although it can certainly promote the 
phytoplankton growth in the open ocean.   
Regarding the effect of Cu aerosol, Cu-L induced a significant increase in net chl a 
growth in relation to the control (p-value of 0.064) (fig. 13). The concentration of Cu in 
this treatment was not enough to reach the toxicity threshold, and the other metals such 
Fe favored the growth of phytoplankton. The theoretical Cu concentration in this 
treatment was that corresponding to a dry deposition flux of 1.6 mg Cu m
-2
 y
-1
, 
representing typical annual average deposition rates for the western Mediterranean Sea. 
According to Jordi et al. (2012), the negative effect of Cu on the phytoplankton growth 
rate (Cu threshold) is notable at metal concentrations above 5.23 ng m
-3
, corresponding 
to a dry deposition flux of 9.04 µg Cu m
-2
 d
-1
 or 3.3 mg Cu m
-2
 y
-1
. Therefore, the 
results obtained are in agreement with this value.  
On the other hand, the Cu concentrations in the Cu-H and Cu-M treatments (7.0 and 4.3 
mg Cu m
-2
 y
-1
, respectively) were above the Cu threshold. The growth induced by the 
Cu-H and Cu-M treatments did not significantly differ from control. It is likely that the 
toxic effect of Cu was compensated by the growth due to the Fe addition. Furthermore, 
diatoms (the dominant phytoplankton group in water samples) are more tolerant to Cu 
than dinoflagellates (Quigg et al., 2006), so phytoplankton was not very sensitive to Cu. 
It can be concluded that maximum and strong Cu deposition events registered in the 
Mediterranean Sea seem to inhibit the phytoplankton growth, but more studies are 
required to elucidate the specific effect of Cu on phytoplankton. 
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4. CONCLUSIONS  
The quantification and characterization of trace metals (Al, Cr, Cu, Fe, Mn, Ni, Ti and 
Zn) in the aerosols dry deposition samples collected from July 2012 to January 2013 at 
Cabrera, Menorca and Ibiza in Balearic Islands show that metal concentrations vary 
spatially and temporally due to variability in the atmospheric conditions and human 
activities. Comparison of mean metal concentrations between the sampled stations in 
the Balearic Islands resulted in the lowest concentrations in Cabrera and the highest in 
Menorca islands (with some exceptions). Cr, Cu, Mn, Ni, Ti and Zn elements over the 
Balearic Islands have concentrations of several or tens of nanograms per cubic meter, 
whereas Fe and Al present concentrations of hundreds of nanograms per cubic meter in 
aerosols. These concentrations are similar, lower or higher than those reported in other 
regions. The lower concentrations of Cr, Ni, Zn and Fe in Balearic Islands than in other 
sites could be explained by the higher anthropogenic emissions in those places than in 
Balearic Islands.  
The EF crustal values of Al, Fe, Mn, Ti and Cr indicate that they have a natural origin 
(from continental crust). Iron, Al and Mn present a very similar dynamic in all the 3 
stations and between stations, which is consistent with having a common origin. Cr 
dynamic also shows similarities with Al, Fe and Mn.  The concentration peaks of Al, 
Fe, Mn and Cr coincide with the reported presence of African aerosols in the Balearic 
Islands by Calima project, supporting the natural origin of these elements.  
In contrast, EF crustal values show that Cu has an anthropogenic origin in Ibiza and 
Menorca, whereas Ni and Zn present a variable dominant source over time. According 
to Calima web, there was no transport of major aerosol masses from Europe during the 
sampled period, which suggests that the anthropogenic sources of these metals are local. 
Copper, Ni and Zn concentrations during the sampled period were not synchronized 
with Al, Fe and Mn, and even between them or between stations, suggesting a local 
source for each station. Cu and Zn present the lowest concentrations in Cabrera and the 
highest in Menorca, which could be explained by high anthropogenic local sources of 
Cu and Zn at Menorca. 
The phytoplankton growth experiment demonstrate that the addition of the Fe aerosols 
to surface nearshore seawater from Ses Salines Cape cause a significant increase in chl 
a. The increase of biomass in Fe-H and Fe-M was about 150% in three days in relation 
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to the initial value. Therefore, Fe deposition events in the western Mediterranean Sea 
promote the growth of phytoplankton. However, it is not likely that Fe deposition is 
responsible of coastal phytoplankton blooms in the Balearic Islands. These blooms have 
typical scales of hundreds of meters, whereas Saharan aerosol events have much larger 
scales. 
Regarding the effect of Cu aerosol, Cu-L, that represented typical annual average Cu 
deposition rates for the western Mediterranean Sea, induced a significant increase in net 
chl a growth. The probable reason is that Cu did not reach the toxic level, and Fe 
induced the phytoplankton growth. However, Cu-H and Cu-M treatments, which 
simulated maximum and strong Cu deposition events in the Mediterranean Sea did not 
induce a significantly different growth from control, probably because the toxic effect 
of Cu was compensated by the growth induced by Fe addition. However, the studied 
phytoplankton community was dominated by diatoms, which are highly tolerant to Cu. 
As a consequence, it seems that maximum and strong Cu deposition events in the 
Mediterranean Sea inhibit phytoplankton growth, but more studies are required to 
elucidate the specific effect of Cu on phytoplankton. 
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